The Cs adsorption on InP(100) surface is studied with Synchrotron Radiation Photoelectron Spectroscopy. The charge transfer from Cs to the InP substrate is observed from the Cs induced In 4d and P 2p components, and this charge transfer results in surface dipole formation and lowering of the work function. The Cs 4d intensity saturates at coverage of one monolayer (ML). However, a break point is observed at 0.5 ML, which coincides with the achievement of the minimum work function. This break point is due to the different vertical placement of the first and the second half monolayer of Cs atoms. Based on this information, a simple bi-layer structure for the Cs layer is presented. This bi-layer structure is consistent with the behavior of the charge transfer from the Cs to the InP substrate at different Cs coverages. This, in turn, explains why the work function decreases to a minimum at 0.5 ML of Cs and remains almost constant beyond this coverage. The depolarization of the surface dipoles is attributed to the saturation of charge transfer to the surface In atoms and the polarization of the Cs atoms in the second half monolayer induced by the positively charged Cs atoms in the first half monolayer.
Introduction:
Research on Cs adsorption on metals, oxides and semiconductors has been studied for many years. Especially, the research on III-V semiconductors has led to a variety of applications including Negative Electron Affinity (NEA) photocathodes because Cs can lower the work function of semiconductors considerably [1] [2] [3] [4] [5] [6] [7] . Besides practical applications, the NEA surface also offers a very good opportunity to investigate the low-lying conduction bands as well as electron transport properties 2 . Recently, the low work function on Cs covered surfaces enabled interesting discoveries of energy transfer from molecular vibrations to electron excitations 3 .
Within the studies of Cs adsorption on III-V semiconductors, Cs/GaAs has been the most widely studied system 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Cs/InP has received less attention and published work is concentrated on the InP(110) cleaved surfaces because such surfaces are fairly well-defined [18] [19] [20] . Recently, InP(100) is gaining more importance for the next generation of night vision technology because it can be lattice matched to Ga x In 1-x As y P 1-y band engineered materials, serving as the emission surface for the photocathode. This brings an imminent demand for a scientific understanding of the Cs/InP(100) interface, which serves as the basis for the study of activation of InP(100) by Cs and O to achieve NEA.
The observed lowering of the work function is normally explained by the formation of dipole layer on the surface 4, 5, 6 . Assuming a one to one correspondence between an individual dipole and a surface Cs atom, the Topping model 7 has been used to explain the dependence of the overall dipole strength on the Cs coverage. In this work, we will show that the experimentally observed charge transfer from the Cs to the InP substrate as well as the structure of the Cs layer provides an atomic picture for the dipole formations and depolarization.
In this study, we observed that the Cs 4d core level intensity as a function of deposition time on the InP(100) surface saturates at one monolayer (ML) and a breakpoint at 0.5 ML is also seen. Photoemission measurements taken at two different photon energies demonstrate that the Cs atoms in the second half monolayer are higher than those in the first half monolayer. The charge transfer from the Cs atoms to the InP substrate slows down with increased Cs coverage. The surface dipole buildup and the work function change as a function of Cs coverage are explained by the bi-layer structure of the Cs layer.
Experimental:
The InP(100) wafers used are Zn doped, p-type with a carrier concentration of 5 × The photoemission spectra are collected with a PHI (model 10-360) spherical energy analyzer with a multi-channel detector. The spectra are fitted with Voigt functions, which are Gaussian broadened Lorentzian line shapes. The spin-orbit splitting is fixed at 0.86eV for P 2p, 0.855eV for In 4d and 2.28eV for Cs 4d.
Results and discussion:

Cs Adsorption and the Change of Work Function
The Cs 4d intensity at hν = 120 eV as a function of deposition time is plotted in figure 1(a) . Using an effective electron escape depth of 7.5Å in Cs, 23 we estimate the Cs layer thickness to be approximately 6Å, which is close to, but slightly larger than, a single physical layer of atomic Cs atoms.
A break point in the Cs 4d intensity can be clearly seen in figure 1(a) when 0.5ML of Cs has been deposited. This is also the point where the work function reaches a minimum, as plotted in figure 1(a). After this point, the work function stays almost constant. This behavior is similar to what has been reported previously for Cs on GaAs(100) 24 , Cs on InP(110) 19, 20 and Na on GaP(110) 25 . As plotted in figure 1(b), the photocurrent reaches a maximum at the 0.5 ML point, a direct consequence of the achievement of minimum work function.
The break point in the Cs 4d intensity can not be explained simply by a change of the Cs sticking coefficient. We can see this by checking the Cs 4d intensity as a function of Cs coverage at hν = 350eV which has a longer electron escape depth than 120 eV.
This result is plotted in figure 2 where we can see that the change of slope at 0.5 ML is less obvious compared with the data taken at hν = 120eV. A plausible explanation for this effect is the formation of a Cs bi-layer structure. The second half monolayer of Cs is located at a larger distance above the substrate surface than the first half monolayer.
Therefore, it becomes clear that the intensity of first half monolayer would be attenuated by the second half monolayer. This attenuation creates the break point seen in the total Cs intensity. At the higher photon energy of 350 eV (i.e. higher photoelectron kinetic 5 energy) the attenuation factor is smaller due to the longer electron escape depth resulting in smaller slope change at 0.5 ML. The fact that Cs atoms within the same monolayer are not at the same distance above the substrate is not surprising because they are not necessarily adsorbed on identical sites. A similar bi-layer structure for a monolayer of Cs was also observed on the Cs/GaAs(110) surface by STM 17 . Since the Cs atoms in the second half monolayer are further away from the surface, they can not transfer charge to the InP substrate as effectively. That is why the work function reaches minimum at 0.5 ML of Cs, which is discussed in more details below.
Charge transfer from Cs to the InP(100) substrate
The P 2p and In 4d spectra at different Cs coverages are shown in figure 3(a) and Unlike In(Cs), the P(Cs) coverage increases with Cs adsorption until a full layer of Cs is deposited, but the rate of increase becomes smaller with higher Cs coverage. The growth of the P(Cs) at the beginning is slower than the In(Cs) because the clean InP (100) surface is In terminated. However, after the charge transfer from the Cs to the In has saturated, additional charge transfer from the Cs must go to the P. Therefore, the P(Cs) coverage continues to increase. The ultimate coverage of P(Cs) is about 1 ML, similar to
In(Cs), indicating that the Cs can only transfer charge to the surface In and P atoms but not to In and P atoms in the layers below the surface.
Surface Dipole and Depolarization
The dependence of the InP work function on the Cs coverage can be explained conceptually by the formation of surface dipoles and dipole depolarization as a result of dipole-dipole repulsions 7 . However, we need to go beyond the conceptual explanation and try to understand this work function dependence at the atomic level. A side view of the Cs/InP(100) interface is shown schematically in figure 7 . All the atoms are drawn to scale according to the assumptions given below. Indium atoms have a diameter of 2.81Å
and P atoms have a diameter of 2.26 Å when they are in an InP single crystal. We can only estimate the sizes of the Cs atoms on the InP(100) surface because we do not know their exact charge state. A Cs atom has a atomic radius of 2.6 Å, and an ionic radius between 1.81 Å and 1.88 Å, depending on the coordination 27 . We know that the charge donation from the Cs to the InP substrate is partial, i.e., the Cs atoms are only partially ionic, so the covalent radius of 2.25 Å is probably the best approximation for the Cs atoms in the first half monolayer. This is also very close to the average of the atomic and ionic radius, so we believe that it is a reasonable approximation. The atomic radius is used for the Cs atoms in the second half monolayer because they only transfer a very small amount of charge to the substrate, as shown in figure 6 . The actual size and location of the surface atoms, which require more careful studies, may differ from this drawing.
However, the bi-layer structure of the Cs layer, on which our discussion is mainly based,
will not be affected
In section 3.1, we attributed the break point in figure 1(a) to the bi-layer structure,
with Cs atoms in the second half monolayer being higher above the substrate than those in the first half monolayer. We can learn why this is the case by examining the structure shown in figure 7 . On an InP(100) surface, the distance between two adjacent In atoms, which represents the size of the surface unit cell, is only 4.15 Å. This is smaller than the estimated Cs diameter of 4.5 Å, which means that it is impossible to form one monolayer of Cs at the same vertical level on InP. Even if the actual diameter of Cs atoms were smaller than our estimate so that there would be just enough space for all of them to fit on the surface, this will force the positively charged Cs atoms to pack very close to each other. Without negatively charged atoms in between to hold them together, such as in ionic crystals, mutual repulsion will make such surface highly unstable and will cause the rearrangement of the Cs layer. Some of the Cs atoms will be pushed up, resulting in the bi-layer structure, as depicted in figure 7.
With this model of surface structure in mind, we will see how the Cs adsorption is correlated with the change of the surface dipole layer and the lowering of the work function. Before 0.25 ML of Cs coverage is reached, the rapid lowering of the work function is caused by the large charge transfer from the adsorbed Cs atoms to the substrate, which builds a surface dipole layer. Between 0.25 ML and 0.5 ML of Cs coverage, Cs atoms continue to occupy the available adsorption sites. However, since the charge transfer to the surface In atoms has already saturated, further charge transfer can only go to the surface P atoms, which are further away from the adsorbed Cs atoms. As a result, this charge transfer is much smaller than the initial charge transfer from Cs to In, leading to less dipole strength being built in this stage. Therefore, the change of work function is smaller.
Between 0.5 ML and 1ML, Cs atoms are adsorbed above the first half monolayer of Cs. They are further away from the InP surface, so only a very small amount of charge is transferred to the substrate. However, this limited charge transfer does not cause further reduction of the work function. We postulate that it is because of an induced polarization of the Cs atoms in the second half monolayer. Those Cs atoms are almost neutral, with a large radius and a loosely bound 6s electron which is highly polarizable. 
Conclusions:
The Cs/InP(100) interface formation at room temperature is studied. Cs coverage saturates on InP(100) surface at 1 ML with a bi-layer structure. Cs induced components 
